Sodorifen is the major volatile of Serratia plymuthica 4Rx13. It is assumed to be a long-distance communication signal. However, so far the emission patterns of sodorifen had been studied using mono-cultures of S. plymuthica 4Rx13 neglecting that in natura bacteria live in communities. Here, we show that the structured co-cultivation of S. plymuthica 4Rx13 and Bacillus subtilis B2g in a low-diversity model community grown under nutrient-rich conditions led to quantitative changes in sodorifen emission compared to self-paired mono-cultivations. Co-culturing revealed a decreased emission of sodorifen (50%) during exponential growth phase, whereas in the late stationary stage of growth, the amount of headspace sodorifen was increased compared to self-paired mono-cultivation (217% at 500 h of cultivation). Six other compounds that are most probably related to sodorifen or are isomers showed similar emission patterns. These data indicated that S. plymuthica 4Rx13 enhances its communication signal sodorifen as a consequence of interaction with B. subtilis B2g.
INTRODUCTION
Bacterial volatiles are perfect infochemicals for inter-and intraspecific communication processes. They are small, lipophilic molecules with low polarity and high vapor pressure enabling them to evaporate into the environment. They can act over long distances but also in close proximity affecting multitude of organisms in an ecological habitat (Wheatley et al. 2002; Effmert et al. 2012) . Many of these bacterial volatiles can induce drastic physiological changes in bacterial, fungal and plant development (Ryu et al. 2003; Blom et al. 2011; Garbeva et al. 2014; Kai, Effmert and Piechulla 2016; Piechulla, Lemfack and Kai 2017 and others) ; however, we only just begin to understand the functions of bacterial volatiles in nature.
Sodorifen is a bacterial volatile characteristically emitted by Serratia plymuthica species (Weise et al. 2014) . Recent investigations revealed that this bicyclic, polymethylated hydrocarbon (C 16 H 26 ) belongs to the group of sesquiterpenes (von Reuss et al. 2010; Domik, Magnus and Piechulla 2016) , and the biosynthetic pathway was just elucidated (von Reuss et al. 2018) . Sodorifen dominates the volatile spectrum of S. plymuthica 4Rx13 and is accompanied by a bunch of putative isomeric compounds as well as sulfur compounds, 2-phenylethanol, and other aromatic hydrocarbons (Kai et al. 2007; Kai et al. 2010) . Investigations of Schmidt and colleagues showed that sodorifen emission by S. plymuthica PRI-2C is induced by Fusarium culmorum volatiles (Schmidt et al. 2017) . This led to the assumption that sodorifen plays a role in inter-organismic communication.
In nature, S. plymuthica 4Rx13 colonizes the rhizosphere of Brassica napus (Marten, Smalla and Berg 2000) . The rhizosphere, which is the area of soil closely associated to plant roots, is a densely populated hotspot of bacterial life. In order to survive in the rhizosphere, bacteria developed several strategies of competition or cooperation (Griffin, West and Buckling 2004; Hibbing et al. 2010; Freilich et al. 2011) . They produce defensive metabolites as toxins, siderophores or antibiotics to outcompete bacterial rivals, secrete signal compounds to sense the quality of the ecological niche or they exchange metabolites to develop stable partnerships (Griffin, West and Buckling 2004; Waters and Bassler 2005; Pande et al. 2015, Lemfack et al. 2016 and others) . So far, research on sodorifen was performed using mono-cultures of S. plymuthica 4Rx13 neglecting that the bacterial physiology and metabolism differ when strains are embedded in communities as found in natural habitats (Little et al. 2008; Phelan et al. 2012) . In order to understand the biological function of sodorifen and how it might contribute to growth and survival of S. plymuthica 4Rx13 in a natural habitat like the rhizosphere, we need to consider the influence of biotic interactions with neighboring bacteria and other organisms on sodorifen production.
In the present study, we used a low-diversity model community including the rhizobacterial strains S. plymuthica 4Rx13 and Bacillus subtilis B2g in order to evaluate the influence of bacterial interactions on sodorifen emission. Sodorifen was analyzed in the headspace of structured co-cultures using solid-phase micro extraction-gas chromatography/mass spectrometry (SPME-GC/MS). The presented data corroborate that it is important to consider the microbial community when investigating the bacterial volatile emission.
MATERIAL AND METHODS

Bacterial cultures
Both Serratia plymuthica 4Rx13 (formally known as Serratia odorifera 4Rx13, Weise et al. 2014) and Bacillus subtilis B2g were originally isolated from Brassica napus (Marten, Smalla and Berg 2000; Berg et al 2002) . Bacteria were cultivated on nutrient agar II shortterm cultures (NAII; peptone from casein 3.5 gl −1 , peptone from meat 2.5 gl −1 , peptone from gelatin 2.5 gl −1 , yeast extract 1.5 gl −1 , NaCl 5 gl −1 , agar-agar 15 gl −1 , pH 7.2, maximum 3 weeks old) or in liquid nutrient broth II (NBII: NAII without agar) at 30
Soil simulating medium (SSE) was adapted from Angle, McGrath and Chaney (1991) , Farrar et al. (2003) and Blom et al. (2011 
Bacterial co-cultures
One colony of S. plymuthica 4Rx13 or B. subtilis B2g was taken from a short-term culture and inoculated into 6 ml of NBIImedium (or SSE-medium) and incubated at 30
• C and 160 rpm (Bühler, Tübingen, Germany) . After 24 h, the two pre-cultures were diluted with NBII (or SSE-medium) to obtain an OD 600 of 0.05. 
Measurement of cell growth
Within 30 days (24 h, 48 h, 72 h, 96 h, 120 h, 168 h, 192 h, 240 h, 336 h, 408 h, 504 h, 720 h), cell growth was determined by bacterial cfu. Both strains together were scraped from the agar by dropping twice 1 ml of NaCl solution (0.85%) on the agar and resuspending the cells with a Drigalski spatula. This suspension was transferred into an Eppendorf tube to prepare a serial dilution with NaCl solution (0.85%) to obtain inocula of maximum 200 cells/10μl. Droplets (each of 10 μl) of the last dilution (10 −3 -10 −8 depending on the growth) were spotted onto a NAII agar containing Petri dish and spread to form thin lines. These Petri dishes were incubated at 30
• C for 24 h to count the cells.
Analysis of volatiles of co-cultures
Within 30 days of growth (24 h, 48 h, 72 h, 96 h, 120 h, 168 h, 192 h, 240 h, 336 h, 408 h, 504 h, 720 h), sodorifen of the mono-and co-culture was collected in a static headspace Petri dish system and analyzed using SPME-GC/MS. Bacterial co-cultures grew on NAII agar on one site of bipartite Petri dishes, while the other site was empty. After indicated times of incubation, the SPME needle was introduced into the headspace of the bipartite Petri dish through a hole that was placed in the wall of the empty site. The SPME fiber (100 μm polydimethylsiloxane, Supelco, Bellefonte, USA) was exposed into the headspace for 30 min and afterwards retracted. SPME-adsorbed volatiles were analyzed using a GC/MS-QP5000 from Shimadzu (70 eV; Kyoto, Japan) equipped with a DB5-MS column (60 m × 0.25 mm × 0.25 μm; J&W Scientific, Folsom, CA, USA). The SPME fiber was thermally desorbed in a linear temperature gradient reaching a maximum of 280
• C with a sampling time of 5 min. The initial column temperature was set at 35 • C, followed by a ramp of 10 • C min −1 up to 280
• C with a final hold for 5 min at 280 • C. Helium was used as carrier gas, and the column flow was set at 1.1 ml min −1 with a linear velocity of 28 cm s −1 . Mass spectra were acquired using the scan modus of m/z 40-280 (total ion count).
Statistical analysis
Statistical analyses were performed using program RStudio 0.99.902 (RStudio Team 2015) . In order to select the most appropriate statistical significance test, variances were determined using the Shapiro-Wilk test (Royston 1982a (Royston ,b, 1995 or the Fligner-Killeen test (Conover, Johnson and Johnson 1981) as well as the distribution of data with the Fisher test (Fisher 1935 and others) . While normal distributed data with similar variances were analyzed with the parametric Welch two-sample t-test or one sample t-test; normal distributed data with non-similar variances were analyzed with the parametric Wilcoxon rank sum test (Bauer 1972; Hollander and Wolfe 1973) . In the case of skewed distributed data, significances were calculated with the non-parametric Wilcoxon signed rank test (Bauer 1972; Hollander and Wolfe 1973) .
RESULTS
Growth and sodorifen emission of Serratia plymuthica 4Rx13 on agar medium
From previous investigations, we knew that Serratia plymuthica 4Rx13 is capable to emit sodorifen when grown on solid agar medium (NAII; Kai et al. 2007 ). Since no data existed about the sodorifen emission patterns from S. plymuthica 4Rx13 correlated to bacterial growth on solid agar medium, we performed SPME-GC/MS analyses of mono-cultivated S. plymuthica 4Rx13 for 30 days of growth (24 h, 48 h, 72 h, 96 h, 120 h, 168 h, 192 h, 240 h, 336 h, 408 h, 504 h, 720 h; Fig. 1 ). Growth was determined by scraping off the cells from the agar plate followed by determination of living cell number (cfu per Petri dish). Cells passed the exponential phase within 24 h, followed by a transition phase until 72 h. After 72 h, the cell number remained constant until 240 h (stationary phase) and started to decrease thereafter. The emission of sodorifen rapidly increased and peaked between 48 h and 72 h when cells transitioned from the exponential phase into the stationary phase (Fig. 1) . Starting with the stationary phase the emission decreased sharply until 240 h of growth. From 240 h to 720 h, the amount of sodorifen was slightly decreasing.
Phenotype and cell growth of interacting S. plymuthica 4Rx13 and Bacillus subtilis B2g
In order to assess their potential to interact with each other, S. plymuthica 4Rx13 and Bacillus subtilis B2g were co-cultivated on NAII in glass Petri dishes. In order to obtain an intimate association and to create an area of interaction, two overlapping drops (one for each strain) were applied onto the agar resulting in structured community (Ghoul and Mitri 2016) . Co-cultivation revealed a distinct and bright interaction zone between S. plymuthica 4Rx13 and B. subtilis B2g, while this zone in self-paired cultures was nearly absent (Fig. 2AII) or invisible (Fig. 2AIII) . This interaction zone started to appear after 48 h of co-cultivation (Fig. 2B) . While growing, the coloration of the white cell colony of B. subtilis changed compared to the self-paired culture. The Bacillus area directly adjacent to the S. plymuthica 4Rx13 colony became less opaque and small colonies appeared. The culture was growing crescent-shaped around the interaction area. After 10 to 14 days, the small spots disappeared and the crescentshaped colony formed pinnate branches. These branches were similarly structured compared to the self-paired culture (Fig.  S1, Supporting Information) . Co-cultivated S. plymuthica 4Rx13 colonies grew consistent without any obvious influence of B. subtilis B2g. These phenotypes correlated with the cell number. Cell numbers of S. plymuthica 4Rx13 did not differ between self-paired and co-cultivation (example shown for time point 72 h until 144 h, Fig. 2C ). In contrast, the growth of B. subtilis B2g was negatively affected by S. plymuthica 4Rx13 in co-cultivation. After 72, 96, 120 and 144 h of co-cultivation, cell numbers of B. subtilis B2g declined 2-to 3-fold compared to self-paired cultivation of B. subtilis B2g (Fig. 2C) .
Emission of sodorifen during interaction
In order to monitor the sodorifen emission during interaction, we analyzed the headspace of S. plymuthica 4Rx13 and B. subtilis B2g co-and self-paired cultivations using SPME-GC/MS. Serratia plymuthica 4Rx13 emitted seven compounds, which were already detectable after 24 h of growth and which were still present after 504 h of cultivation (Figs 3A and S2, Supporting Information). The major compound emitted during growth was sodorifen (#1). The structures of the other six compounds were yet not elucidated. The molecular ion peaks of m/z 218 and fragmentation patterns detected in the mass spectra suggest that these six compounds are isomers of sodorifen (Fig. S2 , Supporting Information). During the entire growth, S. plymuthica 4Rx13 released additional compounds (labeled with * in Fig. 3A) ; however, since they were not detected consistently at every sampling time point they were not the part of this study. Tracking the sodorifen emission during growth indicated that co-cultivation caused a reduction after 24 h of growth, followed by an adjustment to values of self-paired cultures and a final increase of the sodorifen release starting after 96 h of cocultivation (Fig. 3B) . In order to substantiate this observation, we increased the number of samples for the early time point (24 h) and a late time point of emission (504 h) during co-cultivation ( Fig. 3C and D) . Compared to self-paired cultivation, the emission of sodorifen and its potential isomers was strongly reduced by 50% in the presence of B. subtilis B2g. Differences seen between single compounds were non-significant (Fig. 3C ). In the later stage (504 h) of co-cultivation, we confirmed the elevated abundance of sodorifen in the headspace compared to self-paired cultivation of S. plymuthica 4Rx13 (#1 = 216.8%, Fig. 3D) . Similarly, the abundances of the six putative isomers were significantly higher in co-cultivation (#2 = 334.2%, #3 = 248.3%, #4 = 222.8%, #5 = 228.1%, #6 = 178.2%, #7 = 278.1%, Fig. 3D ). We detected no significant differences in emission between isomers.
Growth and sodorifen emission of S. plymuthica 4Rx13 under soil simulating conditions
Many soils are considered as nutrient poor (Young et al. 2008; Schulz Bohm et al. 2015) . In order to investigate the sodorifen emission of S. plymuthica 4Rx13 under nutrient-poor conditions, we used soil simulating medium (SSE, Angle, McGrath and Chaney 1991; Farrar et al. 2003 , Blom et al. 2011 and tracked the growth of S. plymuthica 4Rx13 and the emission of sodorifen for 8 days (Fig. 4) . Cells passed the exponential phase within 24 h. * P < 0.05, * * P < 0.01, n = 8-13.
After 24 h the cell number remained constant (stationary phase). In comparison to nutrient agar (NAII), the cell numbers of S. plymuthica 4Rx13 on SSE were lower (7-fold at 24 h, 32-fold at 48 h, 60-fold at 72 h and 50-fold at 192 h). The emission of sodorifen rapidly increased after inoculation and peaked at 48 h in the early stationary phase. Continuing the stationary phase, the emission remained steady until 144 h of growth. From 144 h to 192 h, the amount of sodorifen decreased rapidly. After 192 h, the sodorifen level was only detectable in traces. In comparison to nutrient agar, the sodorifen intensities were much lower (58-fold at 24 h, 48-fold at 48 h, 59-fold at 72 h and 63-fold at 192 h) as compared to growth on SSE.
DISCUSSION
Bacterial volatiles are perfect signaling molecules mediating intra-and interspecific communication. In a previous study, we have shown that the long-distance communication signal sodorifen dominates the volatile spectrum of the rhizobacterium Serratia plymuthica 4Rx13 . However, these earlier investigations with S. plymuthica 4Rx13 neglected the fact that the bacterial phenotype and physiology differ when strains are embedded in communities as it is found in natural habitats (Little et al. 2008; Phelan et al. 2012) . Serratia plymuthica 4Rx13 was originally isolated from the rhizosphere of Brassica napus (Marten, Smalla and Berg. 2000) . Rhizospheres host very abundant, dynamic and diverse microbial communities Relative sodorifen emission of structured co-cultured S. plymuthica 4Rx13 compared to mono-cultivated S. plymuthica 4Rx13 during long-term growth. A total of 100% equals to sodorifen emission in mono-cultivation. (C and D) Relative intensity of sodorifen and compound #2-#7 of structured co-cultured S. plymuthica 4Rx13 compared to mono-cultivated S. plymuthica 4Rx13 after 24 h (C) and after 504 h of inoculation (D). A total of 100% equals to compound emission in mono-cultivation. #1 sodorifen #2-#7 putative isomers of sodorifen * P < 0.05, * * P < 0.01, n = 6-10. Compounds labeled with * in Fig. 3A are released from S. plymuthica 4Rx13 during growth, however, since they are not detected at every sampling time point they were not further analyzed in this study. (Bulgarelli et al. 2013 (Bulgarelli et al. , 2015 . Due to this complexity, interactive communication processes are difficult to study (Kai, Effmert and Piechulla 2016) . We decided to use a structured, low-diversity model community comprising the rhizobacterial strains S. plymuthica 4Rx13 and Bacillus subtilis B2g to evaluate the effects of the presence of one additional bacterial species on sodorifen emission. Using synthetic approaches we may understand the underlying principles of interaction mediated emission of volatiles. This will further lead to a better understanding of the causal relationships between members of a microbial community (Roder, Sorensen and Burmolle. 2016; Shank 2018) . Both strains were isolated from the rhizosphere of Brassica napus indicating that this plant-bacteria interaction frequently occurs in nature (Marten, Smalla and Berg 2000; Berg et al. 2002) . Although the visible phenotype and cell numbers of S. plymuthica 4Rx13 were not influenced by the interaction with B. subtilis B2g, we observed within the exponential phase (24 h post-inoculation) of co-cultivation significantly lower amounts of sodorifen emission. This result can be interpreted either by a decreased or delayed emission of sodorifen. In both cases, quorum sensing might be involved. Quorum sensing has a global effect on gene expression Greenberg 1998, 2002; Waters and Bassler 2005) . It is conceivable that co-cultivated S. plymuthica 4Rx13 cells perceive a different arsenal of quorum sensing molecules released by B. subtilis B2g cells. This might cause a shift in gene expression and metabolism, which results in an alteration of sodorifen production. Magnus could indeed show that the transcription of the sodorifen cluster is influenced by quorum sensing systems (Magnus and Piechulla, personal communication) . It has to be further investigated whether B. subtilis quorum sensing molecules can regulate sodorifen emission. It also remains to be investigated whether this effect depends on the growth stage since the significantly decreased sodorifen levels were detected after 24 h of growth when the cells already passed the exponential phase. Entering the stationary phase, S. plymuthica 4Rx13 emitted sodorifen at the same level as in selfpaired-cultivation. With an ongoing stationary phase of growth, the emission of sodorifen and its isomers increased compared to the self-paired culture of S. plymuthica 4Rx13. This might be activated by B. subtilis B2g signaling molecules or secondary metabolites. Schmidt and colleagues found that sodorifen emission of S. plymuthica PRI-2C was up-regulated by fungal metabolites (Schmidt et al. 2017 ). In our co-cultivation experiments, we observed a growth inhibition of B. subtilis B2g, and it can be assumed that B. subtilis B2g reacts to the suppressive conditions with the production of defensive secondary metabolites which in turn cause the increased sodorifen levels. So far, B. subtilis B2g is not well characterized regarding its potential to produce secondary metabolites. Only the capability to release siderophores was shown by Marten and colleagues (Marten, Smalla and Berg 2000) . However, since B. subtilis is in general well known for its production of lipopeptides (classes of surfactin, iturin and fengycin), polyketides and non-ribosomal peptides (Kakinuma et al. 1969; Peypoux et al. 1981; Stein 2002; Hofemeister et al. 2004; Schneider et al. 2007) , it is likely that also the isolate B2g is capable of releasing a variety of bioactive metabolites. Another explanation for increased sodorifen emission is a more efficient exploitation of nutrients of S. plymuthica 4Rx13 when growing in co-cultivation with B. subtilis B2g. Bacteria can exchange nutritional metabolites using several ways (Kim et al. 2008; Pande et al. 2015) . Bacillus subtilis B2g might provide nutrients that favor sodorifen production in S. plymuthica 4Rx13. Therefore, sodorifen is produced and emitted over a longer period of time compared to self-paired cultivation. In order to verify one of these hypotheses, our next investigations will comprise the analysis and monitoring of nutrients and secondary metabolites released from B. subtilis B2g. Furthermore, it has taken into account that the formation and effects of volatiles depend on the nutritional state of a bacterial cell (Fiddaman and Rossall 1994; Blom et al. 2011; Kai et al. 2009; Weise et al. 2012) . Nutrient conditions within the rhizosphere are primarily regulated by the plants (Barber and Martin 1976; Lynch and Whipps 1991) . Plants exude among others a wide range of amino acids and peptides via roots into the rhizosphere (Jaeger et al. 1999; Uren 2001; Farrar et al. 2003; Dennis, Miller and Hirsch 2010; Sasse, Martinoia and Northen. 2018) . Our experiments were performed under amino acid and peptide-rich conditions. Therefore, it can be assumed that the interaction of S. plymuthica 4Rx13 and B. subtilis B2g and the altered emission of sodorifen might happen in nature. Since many soils, however, are considered as nutrient poor (Young et al. 2008; Schulz Bohm et al. 2015) , there is a need to investigate the emission of sodorifen also under these conditions. Initial experiments showed that sodorifen is also produced under nutrient-poor conditions using a soil simulating medium, but the amounts were far too low to monitor the emission of sodorifen during interaction, and therefore we need to improve the cultivation and analytical techniques. Furthermore, it would be also helpful to test the effect of single other root exudates for instance organic acids and sugars on the interaction of S. plymuthica 4Rx13 and B. subtilis B2g and in turn on sodorifen emission.
Our results indicate that S. plymuthica 4Rx13 can use bacterial interaction with B. subtilis B2g to enhance the communication signal sodorifen. This puts further emphasis on the aspect that microbial community effects have to be considered during evaluation and analyzation of communication processes in microbial habitats e.g. the rhizosphere. In order to get deeper insights into causal relationships between the microbial community members, it will be very interesting to know how other rhizospheric partners will influence the emission of sodorifen.
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